Magnetomechanical Effect in Iron and Nickel Polycrystals During Cyclic Loading by Ruuskanen, P. & Kettunen, P.
MAGNETOMECHANICAL EFFECT IN IRON AND NICKEL POLYCRYSTALS DURING CYCLIC 
LOADING 
INTRODUCTION 
P. Ruuskanen and P. Kettunen 
Institute of Materials Science 
Tampere University of Technology 
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When ferromagnetic material is loaded a voltage is induced in the 
induction coil around the loaded material. This induction is caused by 
the magnetomechanical effect /1/. The stress makes the internal magnet-
ization change and the changes take place by the movement of domain 
walls or by the rotation of domain magnetization vectors. This interac-
tion has been investigated in details by Jiles et al /2/. The domain 
wall distribution and thus the changes in magnetization during loading 
is a function of external magnetic field. The movements of domain walls 
is influenced also by the microstructure of the material. A clear 
interaction between domain walls and dislocations has reported by Astie 
et al /3/. Consequently the changes in the dislocation structure will 
cause changes in the induced voltage. This interaction can be utilised 
to study the straining processes during cyclic loading and fatigue of 
ferromagnetic metal /4/, /5/. The present results show that the fatigue 
process of ferromagnetic material can be measured nondestructively by 
this techinque and also that it is possible to estimate the fatigue life 
of material under loading. 
EXPERIMENTAL FACTS 
Commercially pure armco-iron and nickel (99.7 %) polycrystals were 
used as test materials. 
The changes in magnetization were measured with a coil around the 
gage length of the specimen. The coil consisted of 20 turns of ~ 0.25 mm 
copper wire. The test specimens were magnetized parallel to the loading 
axis. 
The loading of specimens was performed in on electrohydraulic test-
ing machine. The loading mode was fully reversed sinusoidal stress with 
a frequency of 25 Hz. 
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RESULTS 
The shape of the voltage V induced in the measuring coil during cyc-
lic loading is regular and repeatedly similar over several stress cycles 
as presented in Fig. 1. 
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Fig. 1. The shape of the voltage V indiced 
during sinusoidally varying stress. 
The stress amplitude is 120 N/mm2 and magnetic field strength is 
650 A/m corresponding approximately the "knee" point of the initial mag-
netization curve. The internal magnetic ordering and thus the induced 
voltage V changes as a function of magnetizing field H and stress ampli-
tude. In Fig. 2a there are illustrated the change of the top values VB 
of the voltage V as a function of H. The level of the voltage is zero at 
demagnetic state. As magnetizing field increases the VB values increase, 
reaching a maximum at field strength corresponding to the "knee" point 
of initial magnetization curve and then slow down as the magnetization 
approaches the saturation state. 
In the case of nickel the behavior of the voltage induced during 
loading is qualitatively similar to that of iron presented in Fig. 1. 
However one of the most interesting differences between these materials 
is in the change of the maximum voltage VB as a function of magnetic 
field strength. When comparing the curves in Fig. 2 we find that the 
level of V in nickel is four times higher than in iron. Also the de-
crease of ~B at field strenths above the "knee" point takes place more 
slowly in n1ckel than in iron. Even in the magnetic saturation state the 
level of VB in nickel is rather high as presented in Fig. 2b. 
As presented in Fig. 3 the top values VB increase nearly linearly as 
a function of stress amplitude a and no other interesting changes can be 
observed. But if the test specimen is loaded with constant stress ampli-
tude level at constant magnetic field H = 450 A/m we find that there are 
frequency components in the voltage V which will change as a function of 
number of cycles N. T~is is presented in Fig. 4. The stress amplitude in 
this case is 130 N/mm which is slightly above the fatigue limit and 
thus high enough to cause changes is microstructure. The amplitude spec-
trum of the voltage V is composed of the bas~ amplitude of which fre-
quency is the same as the loading freguency. In addition to this there 
are several harmonic amplitudes of which the level decrease as a func-
tion of frequency. The spectrum in Fig. 4a. has been measured at the 
very beginning of the loading and the spectrum in Fig. 4b has been 
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Fig. 2. The change of the top values 
VBrnax and VBmin as a function of 
magnetizing field H. 
a) armco-iron 
b) nickel. 
measured at a number of cycles of 3.4 x 105 corresponding to the cyclic 
saturation stage. In these spectrums it is clearly seen that the high 
frequency amplitudes (f > 300Hz) increase in size as a function of the 
number of load cycles N. 
The high frequency harmonic amplitudes behaves as a function of mag-
netizing field guite similar than the total voltage VB. Fig. 5 presents 
the change of the true RMS value of the harmonics the freguency of which 
is higher than 400 Hz. In this case however the maximum level of the 
high frequency amplitudes is reached at lower field s trength than in the 
case of total voltage V . The field strength at which the B value 
reaches the maximum is ~50 A/m. It is interes ting to note t~at this 
field strength corresponds to the maximum difference between the initial 
and anhysteretic curves. 
In Fig. 6 there are presented the changes of the high frequency har-
monic ampitudes as a function of number of cycles at several stress am-
plitude levels. We have measured the true RMS-value BM of the harmonic 
amplitudes of which frequency is higher than 400Hz. The BM values are 
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Fig. 3. Top values VB of the voltage V as a 
function of stress ampliturle . 
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Fig . 4. Amplitude spectrums of t he voltage V 
induced during cyclic loading . 
normalized agains t t he f i r s t meas ured value at N = 10 . Thus RB = BM(N)/ 
BM (N = 10) . Magnetic field s trength i s 450 A/m corr es pondi ng t o t he 
maxi mum l evel of t he high frequency harmonica . 
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Fig. 5. The change of the true RMS value BM 
of the high frequency harmonic ampli-
tudes induced during cyclic loading 
as a function of magnetic field 
strength fl. 
Typical for all these curves is that the R value increases at the 
beginning of the cycling. At stress amplitu9e ~elow the fat igue limit 
the value RB continues to increase up to 10 cycles but at stress ampli-
tudes above the fatigue limit the increasing is followed by decreasing 
before fatigue fracture. it is important to note that at highest stress 
levels the changes in RB are lowest. 
During the stepwise test that is des cribed in details i n r ef. / 4/ 
and /5/, the BM value of t he harmonic amplitude behaves quite similar in 
armco-iron and in nickel than in normal structural steels /4/, / 5/. The 
results of the stepwise test in the case~of armco-iro~ are presented in 
Fig. 7. Here again the stress amplitude aB ~ 125 N/mm , corresponding to 
the maximum EM-value of the stabilized BM vs o -curve, is in high accu-
racy the same than the fatigue limit of ~he armco-iron used i n the pre-
sent tests. 
DISCUSSION 
The dependence of the level of the voltage VB on the external mag-
netic field may be understood on the basi s of the domain s tructure. Be-
cause the highes t voltage peaks are induced at stress es very cl ose to 
the zero level, some conclusion may be drawn on the basis of the domai n 
s t r ucture that i s s imultaneously r elevant. In the nonmagnetic state t he 
stress causes domain wall moti on but the motion must be s uch as to en-
sure zero net magnetizat ion change. When magnetizing f i eld H is in-
creased the stress makes the net magnetization change and the number of 
stress sensitive 90° walls increase. Thus also the l evel of V in-
creases. The maximum change of V t akes place a t field str eng%h corre-
sponding approxima t e ly the "knee~ point of the initial magnetization 
curve. At this point the domai n wall displacement are mor e or l ess com-
plete and the rotation is just beginning . In iron the magne tocrystal l ine 
ani sotropy energy is very high and the s tress can cause only domain wall 
movement. Thus the stress induced changes in magnetization decrease very 
rapidly at f i eld strengths where the magnetisation changes t ake place 
mainly by domain rotation. In ni ckel the magnetocrystal1ine anisotropy-
energy is l ow and thus the level of VB i s higher in nicke l than in iron. 
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Fig. 6. The changes of RB value of the high 
frequency harmonic amplitudes of the 
voltage V as a function of number of 
cycles at different stress amplitudes. 
For the same reason the stress can cause domain rotation. This is prob-
ably the reason for the reasonably high level of V at field strengths 
corresponding to the saturation stage. 
As presented above the high frequency harmonic amplitudes are the 
most sensitive for the microstructural changes caused by cyclic stress-
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Fig. 7. The changes of the true RMS-value BH of 
the high frequency harmonics as a func-
tion of stress amplitude. 
ing. The measurements have been performed at field strengt h correspond-
ing to the maximum of the BM vs H curve presented in Fig . 6. As the 
spectrums in Fig. 4 suggest the reason for the increase of the high fre-
quency amplitudes may be the microstructur al changes occuring during 
cyclic stressing and fatigue. At initial stage dislocations are l ocked 
by aging. Gradually during cycling these dislocations will escape and 
begin to multiply. The dislocation densit y increas es and dislocation 
arrangements r each the form typical for cyclic loading consisting of 
matrix vein structure and s lip bands. Thus the 5.ncr ease of high fre-
quency amplitudes may be related to the changes in dislocation struc-
ture. This same effect we can see also in the stepwise test in Fig. 7. 
During repeated cycling procedures dislocation density increases and 
simultaneously the level of high frequency amplitudes increase . 
As pre~ented in Fig . 7 the B v~lue of the harmonic Aamplitudes d2-
crease rap~dly as s tress amplitu~e a exceeds the value a ~ 125 N/mm • 
The ampli t ude cr is the same as the fatigue limit of the8 test material . 
At stress ampli~udes above the fatigue limi t the plastic deformation 
begins to take place increasing as cr increases. This suggests that the 
reason for the decrease of BM is the plastic deformation. This assump-
tion agrees also with the curves shown in Fig . 6. At stress ampli t udes 
above the fatigue limit t he increase of R8 value i s followed by the de-
crease before fatigue fracture . The fatigue frac ture is always preceeded 
by cyclic softening appearing as an increase of plastic deformation. At 
higher s tress amplitudes the cyclic softening starts to take place at 
the very beginning of cycling and thus the level of R8 remains low as 
shown in Fig. 6c . 
SUMMARY 
The level of the voltage induced by the magnetomechanical effect 
during cyclic loading is a f unction of appli ed magnetizing fie ld 
strength H and load amplitude. The amplitude spectrum of the voltage is 
composed of several harmonic ampl itudes. The high frequency harmonic am-
plitudes obtained at a field strength corresponding t o the maximum dif-
ference between initial and anhys t eret ic curves are sensitive to the 
microstructural changes caused by cyclic loading . By measuring the 
1671 
changes in the high frequency harmonic amplitudes the evolution of fa-
tigue damage can be followed. By this technigue it is also possible to 
measure the fatigue limit of test material. 
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